Isolation of bacterial small colony variants (SCVs) from clinical specimens is not uncommon and 26 can fundamentally change the outcome of the associated infections. Bacterial SCVs often 27 emerge with their normal colony phenotype (NCV) co-isolates in the same sample. The genetic 28 and biochemical basis of SCV emergence in vivo is not well understood in Gram-negative 29 bacteria. In this study, we interrogated the causal genetic lesions of SCV growth in three pairs of 30 NCV and SCV co-isolates of Escherichia coli, Citrobacter freundii, and Enterobacter 31 hormaechei. We confirmed the isogenic basis of SCV emergence, as there were only 4 single 32 nucleotide variants in SCV for E. coli, 5 in C. freundii, and 8 in E. hormaechei, with respect to 33 their NCV co-isolate. In addition, a 10.2kb chromosomal segment containing 11 genes was 34 deleted in the E. hormaechei SCV isolate. Intriguingly, each SCV had at least one coding 35 change in a gene associated with bacterial oxidative respiration and another involved iron 36 capture. Chemical rescue confirmed the causal role of heme biosynthesis in E. coli and C. 37 freundii and lipoic acid in E. hormaechei SCV isolates. Genetic rescue restored normal growth 38 under aerobic conditions for fes and hemL in C. freundii; hemL in E. coli; and lipA in E. 39 hormaechei SCV isolates. Prototrophic growth in all 3 SCV Enterobacteriaceae species was 40 unaffected under anaerobic culture conditions in vitro, illustrating how SCVs may persist in vivo 41 by abandoning the highly energetic lifestyle in an iron-limiting environment. We propose that the 42 selective loss of functions in oxidative respiration and iron acquisition is indicative of bacterial 43 virulence attenuation for niche specialization and persistence in vivo. 44 45 Importance 46 Small colony variant (SCV) bacteria are routinely isolated in the clinical microbiology laboratory 47 and can be notoriously difficult to treat. Most studies of the genetic underpinnings of SCV 48 clinical isolates have examined Staphylococcus aureus and few have looked at how SCV 49 emerge in Gram-negative bacteria. Here, we undertook detailed characterization of three 50 clinical isolates of SCV in Escherichia coli, Citrobacter freundii, and Enterobacter hormaechei 51 along with their NCV co-isolates. Genomic sequencing revealed that each SCV had at least 52 one coding change in genes involved in both bacterial oxidative respiration and iron capture.
Introduction

60
To survive in the hostile host environment, bacteria may take two separate paths. The 61 first and most commonly discussed is an arms race of iron competition and acquisition of 62 antimicrobial resistance genes and pathogenicity factors (1-3). The alternative path is to adapt 63 to persist through reductions in metabolic needs and an attenuated growth rate. The isolates 64 that display this alternative phenotype are known as small colony variants (SCVs). Bacterial patient received ceftazidime line-lock therapy. The patient completed treatment and recovered 138 fully. Though the isolates were resulted out as E. cloacae, they were later identified as E. Table 1 . For each pair of isolates, the NCV assembly was annotated 148 using prokka and the reads from the paired isolate were mapped to the annotated assembly in 149 Geneious v9.1. Variants were called using a minimum coverage of 7X and a minimum allele 150 frequency of 75% (25). All variants were manually curated and variants within 10 bp of the edge 151 of a contig were removed. All variants are displayed in Table 2 and all assemblies are available 152 in NCBI BioProject PRJNA523376.
154
Recombinant bacterial strains, cloning, and plasmid preparation 155
The ASKA library is a comprehensive GFP-tagged E. coli K-12 ORF plasmid library 156 available from the National BioResource Project. The ASKA clone library is based on the E. coli ZymoPure Plasmid MiniPrep kit (Zymo Research) and then transformed into the clinical strains 163 of E.coli, C.freundii, and E. hormaechei.
164
One of the affected genes, pqqB, in the SCV E. hormaechei isolates was unavailable 165 from the ASKA strain library as an ortholog of this gene is not present in E. coli K-12. This gene 166 was amplified from the NCV E. hormaechei isolate with CloneAmp HiFi polymerase (Takara) 167 and the following primers: 5´-TCC GGC CCT GAG GCC TAT GGC CTT TAT TAA AGT CCT 168 CGG TTC C-3´ and 5´-TCC TTT ACT TGC GGC CGG GGT CCT GAA GCG TGA TGT TCA T-169 3´. These PCR products were cloned into pCA24N with a C-terminal GFP tag using the In-170 Fusion HD enzyme kit (Takara). Clones were selected on TSA plates with 50µg/ml 171 chloramphenicol. Sanger sequencing was conducted on the resulting plasmid to confirm 172 cloning.
174
Chemical and genetic rescue and cross-feeding 175 Unlike their NCV co-isolates, SCVs cannot grow on M9 minimal media. We took 176 advantage of this to study the additional nutritional requirements of SCVs and determine which 177 mutations were casual for the auxotrophic phenotypes. To study the nutritional requirements of 178 each SCV, a 0.5 McFarland solution of the isolate was plated on M9 media. A disk impregnated 179 with heme (Remel), δ-aminolevulinic acid (Oxoid), L-glutamate (Sigma-Aldrich, 30 mM), lipoic 180 acid (Sigma-Aldrich, 5 µg/mL) or pyrroloquinoline quinone (Sigma-Aldrich, 3 µM) was placed 181 onto the media. For each chemical rescue, the corresponding NCV co-isolate and a blank disk 182 were included as controls. The M9 plates were examined after incubation for 20-24 hours at 183 35°C. Of note, NCV and SCV C. freundii carrying pCA24N were used in place of the 184 untransformed NCV and SCV C. freundii due to the instability of the SCV isolate.
185
To examine the causal mutations responsible for the SCV phenotype, 0.5 McFarland 186 solutions of each of the complemented strains were plated on to M9 media (Teknova). The M9 the NCV could restore the growth of its SCV co-isolates by growing the strains adjacent to one 189 another on M9 media. A 0. 
202
For bacterial transformation, 100uL of electrocompetent cells were mixed with 100ng 203 DNA in 0.1cm cuvettes. Electroporation was carried out using a Gene Pulser with the following 204 parameters: 2.5 kV, 25 µF and 200 Ω for the NCV and SCV E. coli, NCV and SCV E.
205
hormaechei and SCV C. freundii. The following parameters were used to transform the NCV C. 206 freundii: 2.5 kV, 25 µF and 600 Ω. Immediately after pulsing, 0.9 ml of SOC media was added to 207 each cuvette, the cell suspension was transferred to a test tube and then was incubated for 208 30min at 37°C with constant shaking. Transformed clones were selected on TSA plates with 209 50µg/ml chloramphenicol.
211
Data availability
Results
215
Clinical cases and isolates 216 Case histories are depicted in Figure 1 and described in the Materials and Methods.
217
Briefly, the paired E. coli isolates were from a urine culture on a 6-week old otherwise healthy 218 term male infant with fever. His white blood cell count was elevated at 21,600/ml and a 2+ urine 
251
Sequencing the Citrobacter freundii NCV strain yielded an assembly of 220 contigs >200 252 bp with an N50 of 61,653 bp. Mapping of the Citrobacter freundii SCV reads to the NCV 253 assembly yielded a total of 6 variants ( Table 2) . Two of these variants were related to heme-254 producing genes. Most notable among these were a 1 bp deletion in the glutamate-1-255 semialdehyde 2,1-aminomutatase (hemL) gene that resulted in frame shift and stop codon at To determine which of the above lesions were responsible for the defects in growth 282 observed in vitro, we performed chemical and genetic rescue experiments on the three SCV 283 clones. We also tested the ability of the NCV isolates to rescue SCV growth by cross-feeding to 284 further confirm that a diffusible factor was responsible for limited growth. All experiments were 285 performed on M9 minimal medium.
286
E. coli SCV prototrophic growth was restored with overexpression of hemL, but not 287 hemF, fepC, or mprA (Figure 2a ). SCV growth was also rescued by the presence of heme 288 ( Figure 2b ) or δ-aminolevulinic acid (ALA) ( Figure S1a ), but not L-glutamate, lipoic acid, or 289 pyrroloquinolone quinone (PQQ) ( Figures S1b-d ). The SCV clone was also able to cross-feed 290 from NCV (Figure 2c ). These results are all consistent with the genetic deletion in hemL being SCVs often revert to the NCV phenotype when serially passaged in vitro. We identified 293 an E. coli SCV that reverted to a normal growth phenotype over the course of our study. We 294 performed WGS on this SCV revertant to understand the individual mutations that resulted in 295 wild type growth. This isolate had an NCV-like hemL sequence, but retained the SCV coding 296 mutations in hemF, fepC and mprA. No additional mutations were observed in the reverted 297 isolate. This further supports the results of our chemical and genetic rescues, and further 298 highlights the importance of an intact hemL for normal growth.
299
Genetic and chemical rescue of C. freundii SCV growth showed similar results. C. 300 freundii SCV prototrophic growth was restored with overexpression of hemL or fes, but not araC 301 or pta (Figure 3a) . The same chemical rescue results were seen as in the E. coli SCV, as heme 302 ( Figure 3b ) or ALA ( Figure S2a ) were able to restore growth, but L-glutamate, lipoic acid, or 303 PQQ failed to do so ( Figure S2b-d) . Moderate cross-feeding rescue with co-culture with the 304 NCV clone was observed ( Figure 2c ). These results also indicate that deficiencies in heme 305 synthesis and iron transport were responsible for the small colony growth phenotype seen in our 306 C. freundii isolate.
307
Over the course of the rescue experiments, the C. freundii SCV also reverted to normal 308 growth. This clone had NCV-like fes and hemL sequence, while the same SCV coding 309 mutations were seen in araC, fdnG, and pta, as well as the intergenic mutation upstream of while PQQ, heme and its biosynthetic intermediates L-glutamate and ALA failed to increase 320 SCV growth ( Figures S3d-g Here, we used genomic screening of paired isolates to understand the molecular 335 mechanism of the small colony growth phenotype in Gram-negative bacteria encountered in the 336 clinical microbiology laboratory as well as bacterial persistence in vivo. Unlike the NCVs, all 337 three corresponding bacterial SCV isolates were auxotrophic, thus unable to grow in glucose 338 only M9 medium. Using genetic, chemical rescue, as well as NCV cross-feeding, we found 339 heme-production pathway lesions to be responsible for the SCV phenotype in two of the three 340 isolates, while lipoic acid synthesis was responsible for the third. In the E. coli SCV, both W59R 341 in hemL and two-amino acid deletion in hemF could impact heme production, but only 
359
The antibiotic exposure history or the choices for certain specific agent(s) used for the 360 treatment in the 3 patients at the time could not explain a common pattern of selective pressure 361 for the emergence of bacterial SCV. The patient underlying illnesses also ranged from the first 362 episode of a potential E. coli urosepsis in a newborn, a recurrent C. freundii UTI in a 2-month 363 old, and a presumed E. hornaechei occult renal system infection in a 6-year old patient with end 364 stage renal disease pending kidney transplant. The second and the third cases both had 365 significant prior antimicrobial exposure to multiple classes of agents with beta-lactams being the 366 most common agent, but first new born case had no prior treatment ever. Although prior 367 exposure to aminoglycosides or sulfamethoxazole-trimethoprim has been reported as selective 368 pressure for selection of bacterial SCVs (4, 27), these two agents were only used in the third Pairwise sequencing of the NCV and SCV genomes for SCV mutational characterization 371 was based on the assumption that both NCV and SCV descended from the same strain. While 372 the NCV is likely the closest representative of the parental strain, SCV diverged from this strain 373 with distinctive mutations that were absent in NCV. The functional M9 growth studies in vitro 374 have clearly demonstrated that deficiencies in bacterial synthesis of heme, lipoic acid, and/or 375 iron acquisition apparatus were the primary contributors to SCV auxotrophism. Our analysis 376 suggests that both the oxidative respiration and iron acquisition may be counter-selected by the 
383
The selective loss of oxidative respiration and iron acquisition we observed in the SCV 384 isolates sharply contrasts with conventionally held beliefs about microbial pathogens. Rather 385 than rapidly dividing and completing fiercely for iron, SCVs take a unique approach for evading 386 the host defense response, which includes iron starvation and oxidative stress (1, 2). In 387 response to the iron-limiting condition, it has been well documented that the bacterial ferric 388 uptake regulator (Fur) system is activated to strengthen microbial ability to capture iron for 389 energetic growth and pathogenesis (3). Regardless of iron availability, Enterobacteriaceae are 390 facultative anaerobes, and they are fully capable of growth under various oxygen tensions with 391 oxidative respiration being significantly more robust for energetic growth in vitro (28). Therefore, 392 change in oxygen tension itself in the infected host environment may not be the major selective 393 pressure for SCV development. Our finding of mutations in oxidative respiration related genes 394 was consistent with the overwhelming reports of bacterial SCV deficiencies in heme, SCV degenerative mutations is their association with the essential elements of aerobic living 397 which demands more iron ( Figure 6 ) (31). The SCV isolates in this study, regardless of heme, 398 lipoic acid, and/or iron transport deficiencies, were all able to grow anaerobically on M9 without 399 nutrient supplementation. In fact, the selective loss of aerobic respiration under iron limiting and 400 oxidative stress conditions is indicative of a microbial survival mechanism by "retreating to 401 anaerobic habitats" in order to persist inside a single affected host without clonal dissemination 402 into the host population (4, 32-34). Hence, resorting to anaerobic living may be an alternative 403 response to iron limitation and oxidative stress (35). This alternative survival mechanism would 404 be opposite to the well-known "superbugs" survival strategy of head-on iron competition and 405 host population dissemination (36, 37) . It also shares similarities with the immunoevasion 406 strategies of tumors via hypoxia-induced immune exhaustion and T-cell anergy (38).
407
Iron is an essential nutrient for all forms of life (39). However, some free-living and 408 obligate parasitic bacteria (e.g. Borrelia burgdorferi) employ a unique iron-independent redox-409 active metal such as manganese (Mn) to deal with oxidative stress, which allows them to 410 bypass host iron defense (40). E. coli maintains a Mn-SOD (superoxide dismutase) system 411 which is also regulated by Fur (41). All three SCV isolates contained an intact sodA, though 412 expression and functional anti-oxidant activities were not examined. It is conceivable that the 413 inactivation of iron uptake apparatus in bacterial SCVs may be indicative of bacterial transition 414 into a parasitic lifestyle by means of iron bypass (40). Alternatively, the genetic lesions 415 described here, particularly in E. hormaechei, could also be indicative of evolution to a more 416 symbiotic lifestyle, as evidenced by the cross-feeding and gene decay (42). The co-obligate 417 symbiotic bacterium Serratia symbiotica, known for its minimal genome (~143kb), has lost the 418 ability to synthesize both heme and enterobactin and, additionally, lacks an iron uptake 419 apparatus, similar to the changes observed in our SCV isolates (43, 44) . many other aspects of bacterial functions. For example, a ~10.2-kb deleted fragment in E.
423
hormaechei SCV contained cusF, cusB, and cusA in tandem where CusCFBA is a membrane-424 bound proton antiporter for Cu/Ag efflux (45) . As this efflux system carries out ATP-demanding 425 activities, we speculate that this function encounters the same counter-selective pressure as a 426 result of reduced ATP production assuming SCV anaerobic lifestyle. The exact host factor(s) 427 that was critical for selection of SCV mutations is still unknown. Ideally, host selective factors 428 could be identified if we could recreate the bacterial SCVs from the wildtype using host 429 materials for bacterial growth in vitro or in animal models. Figure S3 -Failure to rescue Enterobacter hormaechei SCV growth with deleted and mutated genes crcB, cspE, cusA, cusB, cusF, cysD, hyfB, rnr, tatE, tolC, and udk under aerobic conditions (a-c). L-glutamate (d), δ-aminolevulinic acid (e), heme (f), and pyrroloquinoline quinone (g) failed to rescue SCV growth under aerobic conditions. SCV grew similar to NCV under all anaerobic growth conditions for each of the genetic rescues attempted (h-j).
